We study the heavy-ion reaction at sub-barrier energies for 16 O+ 1 4 4 , 1 5 4 Smsystems using full order coupled-channels formalism. We especially investigate the effect of fusion and quasielastic barrier distributions on the surface diffuseness and the coupling radius parameters of the nuclear potential for these systems. We found that the structure of fusion and quasi-elastic barrier distributions is m o r e sensitive to the surface diffuseness and coupling radius parameters for the reaction with spherical target, 16 O+ 144 Sm systemcompared to the reaction that involves the deformed target, i.e., 16 O+ 154 Sm system. In more detail, the results of coupled-channels calculations for the fusion and the quasi-elastic barrier distributions for deformed target are not sensitive to the choice of the coupling radius and surface diffuseness parameters. In mark contrast, the structure of the fusion and the quasi-elastic barrier distributions for spherical target are very sensitive to the coupling radius and surface diffuseness parameters. We found that the small surface diffuseness parameter smeared out the fusion barrier distributions and the larger coupling radius smoothed the high energy peak of the quasi-elastic barrier distributions. We also found that the larger coupling radius, = 1.20 fm, is required by the experimental quasi-elastic barrier distribution for the 16 O+ 144 Sm system whereas the experimental fusion barrier distribution compulsory the small value, i.e., = 1.06 fm.
INTRODUCTION
It is now well established that the coupled-channels calculations for the heavy-ion reaction at energies near and below the Coulomb barrier can explained the experimental data of fusion reactions as well as the quasi-elastic scattering of the medium-heavy mass systems, heavy mass systems and a very heavy mass systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . It is revealed that the cross section and the barrier distribution for fusion reactions and quasi-elastic scattering are very sensitive to the structure of the colliding nuclei, i.e., the collective excitations (rotations and surface vibrations), neck formation and/or nucleon transfer. Those effects can be more easily visualized through the so-called barrier distribution concept [13] [14] [15] .
Rowley et al. have proposed a method for extracting the fusion barrier distribution directly from experimental data of fusion cross sections, ( ), by taking the second derivative of the product ( ) with respect to the center-of-mass energy, E, that is, = 2 ( )/ 2 [13] . This concept can also be extended to the quasi-elastic scattering since the fusion reaction and the quasi-elastic scattering is related to each other because of the flux conservation [16] . In this case, the quasi-elastic barrier distribution is defined as the first derivative of the ratio of quasi-elastic to the Rutherford cross sections, / , with respect to energy E, i.e. N N concept of barrier distribution provides a powerful tool for investigating the effects of channel coupling on heavy-ion fusion reactions as well as quasi-elastic scattering at sub-barrier energies even for very heavy mass systems [7, 9, [17] [18] [19] [20] [21] .
In the coupled-channels analysis of heavy-ion reactions around the Coulomb barrier, the phenomenological Woods-Saxon potential for the nuclear part of the interaction between two heavy ions is widely used. Its parameters are usually adjusted in order to fit the experimental data. It is found that a much larger value of the surface diffuseness parameter, a, ranging from 0.75 to 1.5 fm, is required to fit the data [10, [22] [23] [24] [25] [26] . In marked contrast, the value of the surface diffuseness parameter, a = 0.63 fm is required by the scattering processes [27] [28] [29] [30] [31] [32] . In the analysis of the experimental data with copuled-channels method the coupling radius parameter for the coupling potential, the value of = 1.06 fm is often used. However, Ref. [7, 9, 27 ] the = 1.20 fm i s for explaining the experimental data of quasi-elastic scattering in massive systems [7, 9, 27] . The reason for the discrepancies in the diffuseness parameters extracted from scattering and fusion analysis has not yet been fully understood. And also, the difference coupling radius parameter used in the coupled-channels calculations have to be clarified.
In this paper, we carry out detailed full order coupled-channels calculations for the fu-sion reaction and large angle quasi-elastic scattering of the 16 O + 144, 154 Sm reactions. We especially discuss the sensitivity of fusion and quasi-elastic barrier distributions of these systems on the surface diffuseness parameter and the coupling radius parameter of the nuclear potential. The pioneer of this work has been done in Ref. [12] .
The paper is organized as follows. We briefly explain the coupled-channels formalism for fusion reaction and large angle quasi-elastic scattering in Sec. II. The results of coupled-channels calculations are given in Sec. III. We summarize the paper in Sec. IV.
COUPLED-CHANNELS FORMALISM FOR HEAVY-ION FUSION REACTION AND LARGE ANGLE QUASI-ELASTIC SCATTERING
In this section, we briefly describe the coupled-channels formalism for fusion reaction and largeangle quasi-elastic scattering that includes the effects of the intrinsic excitations of the target nucleus. The total Hamiltonian of the system is assumed to be = − 
where r is the coordinate of the relative motion between the target and the projectile nuclei, is the reduced mass, and represents the coordinate of the intrinsic motion of the target nucleus. and are the atomic number of the projectile and the target, respectively, and (0) ( ) is the bare nuclear potential, which we assume to have a Woods-Saxon shape. It consists of the real and imaginary parts, (0) ( ) = 0 ( ) + 0 ( ).
describes the excitation spectra of the target nucleus, whereas ( , ) is the potential for the coupling between the relative motion and the intrinsic motion of the target nucleus.
In the isocentrifugal approximation [1, [33] [34] [35] , where the angular momentum of the relative motion in each channel is replaced with the total angular momentum J, the coupled-channels equations derived from the Hamiltonian in Eq.(1) is obtained to be 
where is the eigenvalue of the operator for the n-th channel. ′ ( ) is the matrix elements for the coupling potential .
In performing the coupled-channels calculations, we follow the method in Ref. [35] where the intrinsic coordinates, , in the coupling potential, , is replaced with the dynamical excitation operator, ̂. The coupling potential is then represented by
where 0 = 0 ( 1 3 ⁄ + 1 3 ⁄ ) and
with and are the mass number of the target and projectile nuclei, respectively. denotes the multipolarity of the intrinsic excitation in the target nucleus.
denotes the radius of the target nucleus and is taken to be = 1 3 ⁄ . We have subtracted 0 ( ) in Eq. (5) in order to avoid the double counting.
If we consider the spherical target nucleus, then the matrix element of the operator ̂ in Eqs. (3), (4), and (5) between the n-phonon states, | ⟩, and the m-phonon state, | ⟩, is given as [35] 
where is the deformation parameter of the target nucleus. On the other hand, for deformed target nucleus, the coupling matrix element between the | ⟩ = | 0⟩ and | ⟩ = | ′0⟩ states of the ground rotational band is given by [35] 
The coupled-channels equations, Eq. (1), are solved with the scattering boundary condition for ( )
where is the nuclear S-matrix. (−) ( )and (+) ( ) are the incoming and the out going Coulomb wave functions, respectively. The channel wave number k n is given by √2 ( − )/ℏ 2 and = √2 /ℏ 2 . The scattering angular distribution for the channel-n is then given by [34] 
with
Here ( ) and ( ) are the the Coulomb phase shift and the Coulomb scattering ampli-tude, respectively. The differential quasi-elastic cross section is then calculated to be
And the corresponding fusion cross section is evaluated as
One will apply this formalism to perform the coupled-channels analysis for the fusion reaction and large quasi-elastic scattering of the 16 O+ 144,154 Sm systems.
COUPLED-CHANNELS CALCULATIONS
In this section, we present the results of our detailed coupled-channels analysis for fusion reaction and large angle quasi-elastic-scattering data of 16 O+ 144,154 Sm systems [10, 14] . The calculations are performed using a computer code CQUEL [36] which is a version of the coupled-channels code CCFULL [35] . In the code CQUEL, the regular boundary condition is employed at the origin, instead of the incoming boundary condition, and the restrictionof CCFULL which computes only the fusion cross sections is removed. Thus the code can calculate the fusion and quasielastic cross section simultaneously [37] . In the code, the isocentrifugal approximation employed. And it is found that the approximation is also works well for quasi-elastic scattering at backward angles [15] . A short range imaginary potential with 0 = 30 MeV, = 1.0 fm, and = 0.3 fm is used to simulate the compound nucleus formation. The results of the fusion cross sections are insensitive to these parameters as long as the imaginary part of the potential is well confined inside the Coulomb barrier. All the calculations presented below are performed at the scattering angle of = 170°. We plot the fusion cross sections and the fusion barrier distributions as a function of the center of mass energy, E. And the quasielastic cross sections and the quasi-elastic barrier distributions is plotted as a function of the effective energy defined by [14, 15] 
which takes into account the centrifugal energy. The fusion barrier distributions and the quasi-elastic barrier distributions are calculated in a similar way as those used to obtain the experimental barrier distributions [10, 14] . Namely, we use point different formula with energy step ∆ = 1.8 MeV and ∆ = 0.45 MeV for calculating the fusion and the quasi-elastic barrier distributions, respectively. In the calculations presented below, we include only the excitations of 144,154 Sm nuclei whilst the excitations of the 16 O is not explicitly included. It has been shown in
Ref. [38] that the later lead only to shift the fusion and the quasi-elastic barrier distributions in energy without altering its shape, and hence can be incorporated in the choice of the bare nuclear potential.
Effect Of Surface Diffuseness Parameter On The Fusion Reaction And Quasi-Elastic Scattering
Let us first discuss the effect surface diffuseness parameter of the nuclear potential on the fusion and quasi-elastic barrier distribution for 16 O+ 144,154 Sm systems. We use the surface diffuseness parameter of the nuclear potential = 0.63 fm, = 0.75 fm, , and = 0.87 fm, respectively for the 16 O+ 144 Sm system. These values have been used to explain the experimental fusion data [10, 38, 39] and quasi-elastic scattering data of this system [7, 8, 39] . On the other hand, for the 16 O + 154 Sm system, we used = 0.63 fm and = 1.05 fm. The value of = 0.63 fm was found to well describes the experimental quasi-elastic scattering data [7, 9, [28] [29] [30] [31] . And the value of = 1.05 fm was required by the experimental fusion data [10] . The depth, V 0 , and the radius, r 0 , parameters for each surface diffuseness parameter are adjusted in order to reproduce the same Coulomb barrier height for each system. All these parameters are tabulated in Table I . Figure 1 shows the results of coupled-channels calculations for the 16 O + 144 Sm system using three different values of the surface diffuseness parameters of the nuclear potential. We include the quadrupole (2 + ) and the octupole (3 − ) excitations in the target nucleus whose excitation energies are given as 2 = 1.66 MeV and 3 = 1.81 MeV, respectively. The associated deformation parameters are 2 = 0.112 and 3 = 0.206 which are estimated from transition probability, ( ) ↑ [40, 41] by using = 1.06 fm. Figs. 1(a) and 1(b) show the fusion cross section and the fusion barrier distribution. The quasi-elastic cross section and the corresponding barrier distribution are given in Figs. 1(c) and 1(d) . The dashed and the solid lines are the results of the calculations using = 0.63 fm and = 0.75 fm, respectively. And the dotted line is the results using = 0.87 fm. We observe that the calculated fusion cross section and fusion barrier distribution well reproduced the experimental data. The structure of the barrier distributions obtained with the three different surface diffuseness parameters are similar to each other. However, the obtained fusion barrier using small surface diffuseness parameter has a smoother high energy peak compared to others results. The similar situation are also found for the quasi-elastic barrier distribution. It is found that the calculated quasi-elastic barrier distribution using = 0.87 fm underestimated the experimental data. The experimental quasi-elastic cross sections require the small value for the surface diffuseness parameter as those previously found in many studies [9, [28] [29] [30] [31] . These results indicate that the structure of the fusion and the quasi-elastic barrier distributions are sensitive to the surface diffuseness parameter where the small diffuseness parameter seem to smeared-out the barrier distributions. Refs. [10, 14] .
We now discuss the coupled-channels calculations for the 16 O + 154 Sm system. We use the deformation parameters 2 = 0.31 and 4 = 0.05 with = 1.06 fm for the target nucleus [15, 32] . The ground states of the rotational bands are included up to 10 + members.The results are given in Figs. 2(a) and 2(b) for the fusion cross section and the fusion barrier distribution, respectively. The quasi-elastic cross section and the quasi-elastic barrier distribution are presented in Figs. 2(c) and 2(d) , respectively. The dashed line denotes the results of the calculations using = 0.63 fm whereas the solid lines using = 1.05 fm. The obtained fusion cross section and fusion barrier distribution with these two different values of the surface diffuseness parameters are similar to each other and they well describe the experimental data. Though the calculated quasi-elastic cross section using a different values for surface diffuseness parameter are disagree to each other where the calculated quasi-elastic scattering with a = 1.05 well explain the data especially in the energies below the Coulomb barrier (noticed that this phenomena has been already clarified in Ref. [29] ) but the structure of the resultant quasielastic barrier distributions are similar to each other. Thus it is obvious that the fusion and quasi-elastic barrier distributions for the 16 O + 154 Sm systems are less sensitive to the surface diffuseness parameter of the nuclear potential. 
In this subsection, we investigate the sensitivity of coupled-channels calculations for the fusion and quasi-elastic scattering of 16 O + 144,154 Sm systems to the coupling radius parameter. We use two values of the coupling radius parameter that is = 1.06 fm a s u s e d i n t h e p r e v i o u s s u b s e c t i o n s a n d = 1.20 fm as that use in Ref. [9] when they performed the coupled-channels calculations for large angle quasi-elastics in massive systems. The estimated deformation parameters with this coupling radius parameter are 2 = 0.10 and 3 = 0.142 for the quadrupole and octupole excitations, respectively, in 144 Sm nucleus. For the 154 Sm nucleus, the c o r r e s p o n d i n g deformation parameters are found to be 2 = 0.274 and 4 = 0.044. In performing the coupled-channels calculations, the surface diffuseness of = 0.75 fm is used for 16 O + 144 Sm reaction since the calculation are well reproduced the experimental data as shown in the previous subsection and for 16 O + 154 Sm, we use = 1.05 fm. The procedure of the calculations is the same as the previous subsection. The results of the coupled-channels calculations with different coupling radius parameter is presented in Fig. 3 for 16 For comparison, we also show the results of the calculations by taking into account the anharmonic of the vibration excitations, as those used in Ref. [8] , with coupling radius = 1.20 fm (in this case, the deformation parameters for quadrupole and octupole excitation are 2 = 0.21 and 3 = 0.09, respectively). It is observed that the experimental data of fusion cross section and the quasi-elastic cross section are well reproduced. The fusion barrier distribution obtained with = 1.06 fm is more well agree with the experimental data compared the one obtained using = 1.20 fm. On the other hand, the quasielastic barrier distribution are well explained with the calculations using the larger coupling radius, i.e. = 1.20 fm. The reason for discrepancy of the value of the coupling radius parameter used in the calculations for fusion and quasi-elastic scattering has not yet understood by now and it is still an open problem. The results of the coupled-channels calculations for 16 O+ 154 Sm system using different coupling radius parameters is shown in Fig. 4. Figures 4(a) and 4(c) show the fusion and quasi-elastic cross section, respectively. And Figures 4(b) and 4(d) represent the fusion and quasi-elastic barrier distributions, respectively. The dotted lines are the results using the coupling radius, = 1.06 fm, while the solid lines are obtained by using the coupling radius = 1.20 fm. The calculated fusion and quasi-elastic cross sections obtained with these two values of coupling radius are similar to each other and they well reproduced the experimental data. The similar situation is also found for the barrier distributions. It indicates that the coupling radius parameters are not affect the structure of the fusion and the quasi-elastic barrier distributions of this system.
CONCLUSIONS
We have performed the coupled-channels calculations for fusion reaction and quasielastic scattering for 16 O + 144,154 Sm systems. We especially analyze the effect of the surface diffuseness and the coupling radius parameters of the coupling potential on the fusion and quasi-elastic barrier distributions. It is found that for reaction with deformed target, 16 O + 154 Sm system, the structure of fusion and quasi-elastic barrier distributions is not sensitive to the choice of the surface diffuseness and the coupling radius parameters. However, the fusion and quasi-elastic barrier distribution for reaction that involves the spherical target, 16 O + 144 Sm system, are sensitive to the surface diffuseness and the coupling radius parameters. The calculated fusion and quasi-elastic barrier distributions with small diffuseness parameter have a more smooth high energy peak. An interesting fact is found, i.e. the coupled-channels calculations of the fusion barrier distributions seems to require the small coupling radius, = 1.06 fm in order to explain the experimental data. On the other hand, the quasi-elastic barrier distributions require the l a r g e r coupling radius, = 1.20 fm, for fitting the data. With this finding, the further study is still necessary in order to clarify this discrepancy. Its still an open problem to carry out the coupled-channels calculations by considering another effect such as dynamical effects for explaining the difference of shape between the fusion and the quasi-elastic barrier distributions for 16 O + 144 Sm system.
